Introduction
Carotid plaque vulnerability has been reported to be associated with stroke and other cerebrovascular events [1, 2] . Therefore, tissue characterization of carotid plaques is important to evaluate the risk of cerebrovascular disease and outcome of treatment for carotid arterial stenosis. Stabilization of vulnerable plaques rather than regression of plaque volume is considered the major contributor to beneficial effects on cerebrovascular events [3] .
With respect to the ultrasound technique, ultrasonic tissue characterization of the myocardium with an integrated backscatter (IBS) analysis was developed, which is capable of providing both conventional two-dimensional echographic (2DE) images and IBS images. In studies of the myocardium, calibrated myocardial IBS was significantly correlated with the volume fraction of interstitial fibrosis [4, 5] . In preliminary in vitro studies, IBS values reflected the structural and biochemical composition of atherosclerotic lesion and could differentiate fibrofatty, fatty and calcification of arterial walls [6] [7] [8] . However, it is not precise, because IBS values of lipid pool and intimal hyperplasia were similar. Discrimination of intimal hyperplasia, fibrous cap and thrombus, and sensitivity and specificity of these measurements were not studied in these papers. Furthermore, extent evaluation of each composition, that is, two-dimensional (2D) tissue structure, in entire plaque has not been examined. Therefore, we measured IBS values in carotid arteries in patients compared before and immediately after death, and compared these IBS values with their histopathological features. Subsequently, we constructed 2D color-coded maps of arteries with plaque to assess visually the arterial tissue characteristics.
Comparison between IB values and histological images in carotid arteries
Conventional echo images and IBS images were acquired using an ultrasonic imaging system (Sonos 5500, Philips Medical Systems) to characterize the carotid arterial tissue at the bedside conveniently using a 5-12 MHz multifrequency transducer for all studies. This software enabled the acquisition, storing and retrieving of a sequence of continuous 2D conventional and IB images, forming a continuous loop digital recording of two seconds (60 frames in two seconds). Off-line analysis of the 2D IBS images was performed by retrieving the previously stored data from the built-in optical disc drive in the system. IBS value was calculated as the average power of the ultrasound backscattered signal from a small volume of tissue measured in decibels (dB). We used an 11 x 11 pixels (0.6 mm x 0.6 mm) rectangle shaped ROI and set the time gain compensation at 0 dB and the lateral gain compensation at 50 dB at every measurement in both ex vivo and in vivo study. At this setting, IBS values of stainless steel at a distance of one to two centimeters from the transducer were 50 dB, which was within the dynamic range of the system. IBS values of the posterior arterial wall were corrected (corrected IBS) by subtracting the IBS values of the vessel lumen.
Carotid arteries were excised at autopsy and were fixed with 10% neutral buffered formalin. Ring-like arterial specimens obtained at a similar level to the ultrasound study were decalcified in a standard K-CX solution for five hours, and were embedded with paraffin and cut into 4 µm thick transverse sections perpendicular to the longitudinal axis of the artery. They were stained with hematoxylin-eosin, elastic van Gieson and Masson's trichrome. In addition, immunohistochemical analysis using anti-actin antibody was performed for detection of smooth muscle cells.
Histology of these sampling sites was divided into thrombus (n=5), lipid pool (n=31), intimal hyperplasia (n=7), fibrosis (n=25), mixed lesion (n=12) and calcification (n=17) in the intima, and the media (n=24). Each corrected IBS value of these tissues after fixation at autopsy was 7.3 ± 1.5, 13.0 ± 3.2, 10.9±1.0, 19.3 ± 2.4, 28.2 ± 3.3 and 39.3 ± 3.6 in the intima, respectively, and 11.3 ± 1.9 dB in the media. Also each corrected IBS value during lifetime was 4.9 ± 1.0, 10.0 ± 2.4, 8.0±0.8, 16.0 ± 2.0, 23.5 ± 3.4 and 30.5 ± 2.5 in the intima, respectively, and 8.4 ± 1.8 dB in the media. The difference among thrombus, fibrosis (category-3), mixed lesion, calcification and lipid pool, intimal hyperplasia or media were statistically significant. However, lipid pool, intimal hyperplasia and media had similar IBS values (category-2) [9] . In category-2, the media and intima were differentiated using conventional 2DE. Generally, the lipid pool (category-2) is anatomically located under a fibrous cap consisting of fibrosis (category-3). Therefore, the presence of ROIs with category-2 under a layer of ROIs with category-3 was defined as the lipid pool, but not as intimal hyperplasia.
Based on the above definitions using in vivo 2DE and IBS color-coded maps of tissue characterizations were constructed in in vivo images. These also reflected the pathology well ( Figure 1 ). 
Effects of statin on carotid atherosclerotic plaques
Several large clinical trials have demonstrated that lipid-lowering therapy with HMG-Co-A reductase inhibitors, (statins), reduces cerebrovascular events [10, 11] . Stabilization of vulnerable plaques rather than regression of plaque volume is considered the major contributor to this beneficial effect (5) . Stabilization of vulnerable plaques rather than regression of plaque volume is considered the major contributor to this beneficial effect [3] .
We assessed the effect of a strong lipophilic statin (atorvastatin) on the stabilization of carotid plaques with ultrasound IBS color imaging by calculating the relative lipid volume. We enrolled patients who were diagnosed with asymptomatic carotid artery stenosis (30-60%) based on carotid ultrasonography and MR angiography. The patients were randomized to a statin (atorvastatin 20mg/day) treatment group (n = 20) or a diet group (n = 20). Transverse and longitudinal scans of carotid plaques were performed using an ultrasound imaging system (SONOS 7500, Philips Medical Systems). The plaques which have unstable component such as lipid core or necrotic core were also imaged with a 1.5-T magnetic resonance imaging (MRI) system (Intera Achieva Nova Dual, Philips Medical Systems) equipped with standard neck array coils. T1-weighted (T1W), proton density-weighted (PDW), and T2-weighted (T2W) images as well as time-of-flight (TOF) images of the plaques were obtained by standardized protocol. The components of plaque were assessed using previous established criteria [12] . We calculated the ratio of the signal intensity of carotid plaques to that of sternocleidomastoid muscle and defined this as the signal intensity ratio (SIR).
At baseline, clinical parameters did not differ between groups. After initiating statin therapy, the lipid profile significantly improved in the statin group, but remained unchanged in the diet group. Baseline IBS values and other characteristics and parameters were similar between the study groups. At baseline, no significant differences were found in these parameters between the statin and diet groups. The relative lipid volume significantly increased in the statin group after 6 months ( Figure 2) . However, IBS values did not change significantly in the diet group. 
Prediction of silent ischemic lesions after carotid artery stenting using IBS and MRI
Carotid artery stenting (CAS) has recently emerged as a potential alternative to carotid endarterectomy (CEA) [13] because it is a less invasive procedure and results in a shorter duration of hospitalization. Although many advantages of CAS have been reported, one of its disadvantages is the considerably high incidence of distal emboli during CAS, even though they are subclinical. Asymptomatic or silent ischemic lesions were detected by diffusionweighted magnetic resonance imaging (DWI) more often in CAS than in CEA patients [14] . We and other investigators reported that analysis of carotid plaques using IBS ultrasound or black-blood magnetic resonance imaging (BB-MRI) can identify the histological components of carotid plaques [9, 12, 15] .
We evaluated carotid lesion with stenosis with a symptomatic carotid stenosis of > 70% or an asymptomatic carotid stenosis of > 60% assessed with angiography, as recommended by the North American Symptomatic Carotid Endarterectomy Trial collaborators [16] . In IBS analysis, relative unstable component area (%UCA: area of intra-plaque hemorrhage and lipid pool / area of plaque) were automatically measured in each plaque by computer software (T3D, Fortner Research LLC, Sterling, Virginia). IN MRI analysis, we calculated the ratio of the signal intensity of carotid plaques to that of sternocleidomastoid muscle and defined this as the signal intensity ratio (SIR). We assessed newly appearing ipsilateral silent ischemic lesions (NISIL) detected by diffusion-weighted magnetic resonance imaging (DWI) before and after CAS. At the same time, we performed quantitative analysis of plaque characteristics using IBS ultrasound and BB-MRI before CAS in all patients.
After CAS, DWI showed 94 silent ischemic lesions in 19 patients (38%) (diffusion positive group; P group). There were no differences in baseline patient characteristics between the P group and diffusion negative group (N group). In the P group, %UCA analyzed by IBS was significantly higher than in the N group (60.2 ± 23.4% and 35.3 ± 19.2%, respectively, p<0.001). Also, the SIR of most stenotic lesions of carotid plaques analyzed by T1WI of BB-MRI was significantly higher in the P group than in the N group (1.40 ± 0.19 and 1.18 ± 0.25, respectively, p<0.01) (Figure 3) . In multivariate logistic regression analysis, the independent predictors of NISIL were SIR (p = 0.030), the CRP level (p = 0.041) and the %UCA measured by IBS (p = 0.049). In the analysis of receiver operating characteristic curves, 50% of the %UCA measured by IBS analysis and an SIR of 1.25 measured by BB-MRI analysis were determined as the most reliable cutoff values for predicting NISIL. Using these cutoff values, the respective positive and negative predictive values were 76% and 82% in the IBS analysis and 62% and 88% in the BB-MRI analysis. 
Plaque feature of the internal carotid plaques evaluated by optical coherence tomography
Recently, intravascular optical coherence tomography (OCT) provides high-resolution, crosssectional images of tissue in situ and has an axial resolution of 10 µm and a lateral resolution of 20 µm [17, 18] . The OCT images of human coronary atherosclerotic plaques obtained in vivo provide additional, more detailed structural information than intravascular ultrasound [19] .
By applying this technique to carotid plaques, we previously reported the first case of cerebral infarction due to plaque rupture that could be visualized by OCT in the internal carotid artery [20] . An 83-year old male was admitted to our hospital due to newly developed motor weakness of the left hand. MRI-DWI showed multiple high intensity spots in the territory of the middle cerebral artery, and an initial MRA revealed significant stenosis at the origin of the right internal carotid artery. After angiography, a 9-F guiding catheter with an occlusion balloon was navigated to the right common carotid artery and a guidewire with an occlusion balloon (Guardwire, Medtronic Japan Co., Ltd., Tokyo, Japan) was introduced into the external carotid artery. Carotid angiography revealed apparent changes of the wall morphology of the stenotic site, suggesting an enlargement of intraluminal thrombus (Figure 4) , which is considered a risk factor for stenting. To confirm the presence of intraluminal thrombus, the stenotic site was imaged with OCT (Image Wire, Light-lab imaging, Goodman, Co, Ltd, Nagoya, Japan) using an automatic pull-back device from the distal portion at 1 mm/s. OCT clearly revealed an intraluminal thrombus (Figure 4-C) , and a tear of a fibrous cap with ulceration at the more proximal internal carotid artery. Carotid artery stenting was cancelled due to enlarged thrombus being considered a high risk factor, and carotid endarterectomy was performed the next day. The specimen obtained during endarterectomy showed soft plaque and intraluminal thrombus which coincided with OCT findings performed preoperatively (Figure 4 -E, F).
Assessment of arterial medial characteristics in carotid arteries using integrated backscatter ultrasound
In general, atherosclerotic changes consist of two components: atherosis and sclerosis. According to a pathological study, these changes are recognized as thickening of intima-media thickness (IMT) which is associated with structural atheromatous changes and decreased extensibility which is associated with functional sclerotic changes in elastic and collagen fibers. There are several ultrasound parameters to evaluate atherosclerosis, such as IMT, which is associated with atheromatous plaque formations and stiffness ß, which are associated with decreased extensibility of the arterial wall. IMT measurement is widely performed for the detection of atheromatous lesions and associated with age and coronary risk factors [21, 22] . However, IMT is not always associated with the severity of arterial sclerosis in patients with hypertension [23] . This may be due to the degenerative changes in the medial smooth muscle cells and variably increased amount of elastin and collagen in hypertensive vessels [24] .
The elasticity of major arteries is also affected by cardiovascular risk factors such as hypertension, hyperlipidemia, diabetes and aging. Stiffness ß, which was defined by Hayashi et al was found to be independent of blood pressure in the physiological range and associated with the severity of coronary atherosclerosis [25] [26] [27] . An increase in arterial stiffness has been reported as an early sign of atherosclerosis [28] . Therefore, it is very important to evaluate arterial sclerosis non-invasively. We showed that IBS values of carotid media were correlated with the stiffness of carotid arteries, and those were also correlated with elastic fiber fragmentation index ( Figure 5 ) [29] .
Conclusion
Recently, many techniques for the tissue characterization of human carotid arteries have been established. IBS, MRI and OCT are promising techniques to assess the degree of atherosclerotic lesions in carotid artery and predict cerebrovascular disease.
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